/2
° IRAIamos

NATIONAL LABORATORY
- (31.194) ~ -

LA-UR-14-26735 (Accepted Manuscript)

Postmidnight depletion of the high-energy tail of the quiet
plasmasphere

Sarno-Smith, Lois K
Liemohn, Michael
Katus, Roxanne
Skoug, Ruth M.
Larsen, Brian Arthur
Thomsen, Michelle
Wygant, John
Moldwin, Mark

Provided by the author(s) and the Los Alamos National Laboratory (2016-02-11).

To be published in: JOURNAL OF GEOPHYSICAL RESEARCH-SPACE PHYSICS ; Vol.120, iss.3, p.1646-1660, MAR
2015

DOl to publisher's version: 10.1002/2014JA020682

Permalink to record: http:/permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-14-26735

Disclaimer:

Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.



Post-Midnight Depletion of the High Energy Tail of
the Quiet Plasmasphere
Lois K. Sarno—Smithl, Michael W. Liemohnl, Roxanne M. Katusl, Ruth M.

Skoqu, Brian A. Larsen2, Michelle F. Thomseng, John R. Wygant4, Mark B.

Moldwin'

Corresponding author: Lois K. Sarno-Smith, Department of Atmospheric, Oceanic, and Space

Sciences, University of Michigan, Ann Arbor, Michigan, USA. (loisks@umich.edu)

'Department of Atmospheric, Oceanic,
and Space Sciences, University of Michigan,
Ann-Arbor, Michigan, USA.

2Lios Alamos National Laboratory, Los
Alamos, New Mexico, USA.

3Planetary Science Institute, Tucson,
Arizona, USA.

4School of Physics and Astronomy;,
University of Minnesota, Minneapolis,

Minnesota USA.

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences
between this version and the Version of Record. Please cite this article as doi: 10.1002/2014JA020682

(©2015 American Geophysical Union. All Rights Reserved.



Abstract.  The Van Allen Probes Helium Oxygen Proton Electron (HOPE)
instrument measures the high energy tail of the thermal plasmasphere al-
lowing study of topside ionosphere and inner magnetosphere coupling. We
statistically analyze a 22 month period of HOPE data, looking at quiet times
with a Kp index of less than 3. We investigate the high energy range of the
plasmasphere, which consists of ions at energies between 1-10 eV and con-
tains approximately 5% of total plasmaspheric density. Both the fluxes and
partial plasma densities over this energy range show H* is depleted the most
in the post-midnight sector (1-4 MLT), followed by O* and then He'. The
relative depletion of each species across the post-midnight sector is not or-
dered by mass, which reveals ionospheric influence. We compare our results
with keV energy electron data from HOPE and the Van Allen Probes Elec-
tric Fields and Waves (EFW) instrument spacecraft potential to rule out space-
craft charging. Our conclusion is that the post-midnight ion disappearance

is due to diurnal ionospheric temperature variation and charge exchange pro-

cesses.
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1. Introduction

The Van Allen Probes mission, launched in August 2012, offers an abundance of unique
ion and electron composition measurements of the inner magnetosphere [Lanzerotti, 2013;
Mauk et al., 2014]. Recent studies utilizing the Van Allen Probes suite of instruments
have augmented our understanding of radiation belt and storm time physics [Reeves et al.,
2013; Baker et al., 2013; Usanova et al., 2014]. The Van Allen Probes measurements are
also leading to new understanding of the plasmasphere [Goldstein et al., 2014; Li et al.,
2013; Jordanova et al., 2014].

The plasmasphere is the dense region of co-rotating plasma near Earth. Some of the first
observations of the plasmasphere came from ground-based very low frequency (VLF) mea-
surements looking at sudden changes in whistler wave frequencies [Carpenter et al., 1968;
Inan and Bell, 1977; Carpenter et al., 1969]. Recent satellite missions have explored the
plasmasphere in much greater detail, including the Imager for Magnetosphere-to-Aurora
Global Exploration (IMAGE), Cluster, the Combined Release and Radiation Effects Satel-
lite (CRRES), and the Dynamic Explorer (DE) mission [Burch et al., 2001; Fu et al., 2010;
Darrouzet et al., 2009; Carpenter et al., 2000; Horwitz et al., 1990; Chappell et al., 1981].

To motivate the present study of the 1-10 eV ion population of the plasmasphere,
we briefly explore other studies examining diurnal temperature and density variation
in the plasmasphere and its ionospheric sources. The concentrations of plasmaspheric
ions are dependent on energy inputs to the ionosphere, and consequently, ionospheric

temperatures. The largest source of sub-auroral ionospheric heating is photoionization.
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It has been observed that Ot and H* plasma densities behave similarly to ionospheric
electron temperatures on the dayside [Schunk and Nagy, 1978].

Plasmaspheric refilling has been extensively studied [Horwitz, 1987; Carpenter and
Lemaire, 1997; Ganguli et al., 2000; Pierrard et al., 2009]. Transport from the topside
ionosphere to the plasmasphere occurs when solar heating of the ionosphere during the
day exerts an outward pressure on the topside ionosphere, forcing the ions upward along
the flux tubes. Plasma enhancements and depletions with MLT dependence have been
modeled in the top-side ionosphere [Heelis et al., 1982]. This transport of topside ions
applies to all three species, suggesting that the MLT dependence of the HY, O", and He™
densities might also be seen in the plasmasphere.

The absence of solar heating translates into an absence of pressure on the flux tubes.
On the night side, plasmaspheric ions flow downward into the ionosphere, enhancing the
nightside NmF2 peak in the ionosphere [Singh and Singh, 1997; Carpenter and Lemaire,
1997; Pavlov and Pavlova, 2005]. Collectively, the movement of the high energy ions from
the ionosphere to the plasmasphere and then back to the ionosphere on the nightside
agrees with temperature measurements of ions and electrons in these regions [Kotova
et al., 2002).

This diurnal variation is not seen in the thermal core density (< 1 eV) of the plas-
masphere. Although many studies and several instruments have explored this region,
they have not found a similar result. IMAGE RPI studies looked at fine scale density
structures and plasmaspheric electron structures [Carpenter et al., 2002, 2003; Fu et al.,
2010; Denton et al., 2012; Chandler and Chappell, 1986; Ozhogin et al., 2012], but IM-

AGE RPI measured total electron number density and was unable to resolve the 1-10
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eV energy range to examine density variations. Several physics-based models have also
explored plasmaspheric refilling in this region but did not limit their studies to this energy
range and did not resolve this diurnal variation [Guiter and Gombosi, 1990; Guiter et al.,
1995; Weiss et al., 1997; Liemohn et al., 1997, 1999]. Extensive whistler wave studies
have examined electron number densities in the plasmapshere [Carpenter and Anderson,
1992; Park, 1970], but these studies capture, once again, the overall behavior of the plas-
masphere instead of our focus on the high energy tail of the plasmasphere. A further
discussion of previous measurement techniques of the 1-10 eV plasmasphere population
can be found later in the Discussion section.

The Van Allen Probes Mission offers the opportunity to explore the behavior of the
high energy (1 - 10 eV) plasmasphere in the L < 4 region at all MLTs to an unprece-
dented degree. It is critical to study this ion population for understanding magnetosphere-
ionosphere coupling and plasmaspheric refilling and for assessing the source, loss, and
transport terms between the two regions. The 2-spacecraft Van Allen Probes mission
provides an ideal opportunity to study this low energy population of particles, with a
short orbital period, a near equatorial orbit, ion composition measurements down to 1
eV, and improved spacecraft potential reduction [Kirby et al., 2014]. In our study, we use
the Helium Oxygen Proton Electron (HOPE) instrument on board the Van Allen Probes
to explore the quiet time 1-10 eV ion population in the near-Earth plasmasphere and the
MLT, L-Shell, and compositional dependencies of this population. We observe a species-
dependent loss across all three ion species (H", He™, and O™) in the post-midnight sector

near BEarth.
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2. Methodology

This study examines 22 months of quiet time differential number flux measurements
from the HOPE instrument on board the Van Allen Probes Mission [Funsten et al., 2013].
HOPE measures HY, He™, and O from 1 eV to 50 keV using a time-of-flight mass
spectrometer with channel electron multiplier detectors. The 72 HOPE instrument energy
channels are logarithmically spaced, with measurements in 5 directions relative to the spin
axis and at 16 spin angles. Our study spans from January 2013 to November 2014, which
covers a full precession of the Van Allen Probes satellites, and uses gyro and spin averaged
data. We used HOPE energies from 1 eV to 10 eV in our study.

To capture the quiet time behavior of the plasmasphere, we included HOPE data col-
lected at times when the Kp Index < 3. The Kp Index, with a 3 hour cadence, is a
mid-latitude index that gives insight into magnetospheric convection and overall geo-
magnetic activity [Mayaud, 1980; Thomsen, 2004]. Traditionally, a Kp of less than 3 is
considered quiet time and corresponds to a Dst greater than -50 n'T.

We then binned HOPE fluxes into 0.5 MLT and 0.25 L-Shell bins extending from 1
to 6 L-Shell and 0 to 24 MLT. The L-Shell parameter was calculated using the Olson-
Pfitzer 77 model [Olson and Pfitzer, 1977]. The Van Allen Probes are the first satellite
pair to provide high resolution measurements near the equatorial plane with high dwell
time_ inside geosynchronous orbit. Figure 1 shows the number of measurements in each
L/MLT bin during the period of this study. We included data from both satellite A and
satellite B to maximize coverage. In the post-midnight sector, there are more than 1000
points in each bin, with each point corresponding to an 11 second Van Allen Probe spin

measurement. This accumulated to several months of data for each bin. We specifically
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show the 2.2 eV energy channel for each species in this figure, but the distributions for the
other energy channels between 1-10 eV were similar. The number of measurements for
each species corresponds to the number of non-zero measurements; so H* measurements
from HOPE are the cleanest whereas O1 has more zero count measurements.

We used the median differential number flux in each L/MLT bin to represent the ions
at that location in space. We then calculated approximate plasma densities in each bin

using the formula:

N, — Z47r\/%FS(Ei)AEi (1)
where F,(E;) is the median differential number flux (ecm™2 s7! sr™t keV™1), E; is the
median of each HOPE energy channel, AE; represents the range of each energy channel,
and m, and n, are the mass and number density of each species for HY, He™, and OT.
The ¢ in this summation represents the 15 energy channels between 1 eV and 10 eV.

Figure 2 shows the median HOPE flux F, for H' ions and electrons as a function of
energy and MLT for L=2.5 and Kp < 3. This near-Earth location clearly shows the energy
spectrum of the plasmasphere at quiet times. A sharp gradient in flux of several orders
of magnitude is seen in Figure 2A at approximately 10 eV for most MLTs. This gradient
indicates that the plasmasphere is dominated by ions at energies below 10 eV and sets
the 10 eV upper boundary for our n, density calculations. Integration to higher energies,
such as 1 keV, did not change the results except to make the density values slightly higher
across all MLT and L-Shells.

It is important to clarify that we are only observing the high energy range of the plas-

masphere ion distribution and make no claims on the behavior of the bulk density of the
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plasmasphere. Instead, we are looking at the upper 5% (two sigma) of the energy popu-
lation in the plasmasphere. The expected two sigma energy population of approximately
10-100 HT particles ecm™ for the plasmaspheric high energy tail is consistent with the
total plasmaspheric densities given by CRRES data-based models at L=2 [Sheeley et al.,
2001]. A further discussion of this can be found in Appendix A. A discussion of spacecraft

charging effects on our measurements can be found in section 4.2.

3. Results

When we examine partial plasma densities across all MLTs and L-Shells, we find a
significant density depletion across the post-midnight sector. Figure 3 shows the median
plasma density of quiet time 1-10 eV ions measured by HOPE over a 22 month period.
Figure 3A shows the HT density across all MLTs and L-Shells, Figure 3B gives the He™
density, and Figure 3C shows the O" plasma density. The density maps on the right are
on a logarithmic scale, while the maps on the left are on a relative linear scale for each
species to highlight changes. We see in Figure 3B that He' behaves differently than O*
and H*, with a gradual decline and ascent in density over the post-midnight sector. In
He™ density, a local minimum is seen at MLT=14 and is suggested to be from a saturation
feedback mechanism [Galvan et al., 2008].

Although the He' density decreases post-midnight, it does not drop to the same degree
as O and H™, as evidenced by the percentage each ion species contributes to the total
partial plasma density. Figure 4 shows the relative contribution of each species to the
total ion density in the 1-10 eV energy range. H™ dominates everywhere (upwards of
60%) except in two regions. One is the post-midnight depletion zone, where Het has a
strong presence and makes up more than 50% of the total plasma density.

(©2015 American Geophysical Union. All Rights Reserved.



We can see in the ion composition percentages that Het dominates the 1-10 eV plasma
density at MLT=0-5 and L. < 2.5. This result is counterintuitive because He™ is heavier
than H™ and lighter than O™, so the effect is not organized by mass in this energy range.
To emphasize this result, we examine the partial plasma density gradient across all MLTs
at L=2.0. Figure 5 shows a line plot of partial densities at L=2.0. Specifically, we
calculated the average density values for each species from 2-4 MLT and 14-16 MLT. We
found that the HT density was 55.8 cm™ at MLT=18 and 0.37 cm™ at MLT=3 (a factor
of 150). The He' density was 7.18 cm™® at MLT=18 and 0.26 cm 3 at MLT=3 (a factor
of 28). The O density was 7.74 cm™® at MLT=18 and 0.06 cm™® at MLT=3 (a factor of
122). In He', the drop is still distinct, but it is not nearly as great as O or H' across
the same MLTs. These results demonstrate that there is a depletion in all species, but
the effect is most pronounced in H" and O*.

To better understand the variation in the data set, we explore the 33rd and 66th per-
centile of each flux bin in Figure 6 and the relative standard deviation and spread of the
data in Figure 7. By examining the 33rd and 66th percentile of the 2.2 eV differential
number flux, we can see that the post-midnight feature is consistent throughout the data
set and the median of the each of the flux bins is reflecting the general behavior of the
dataset well.

The left column of Figure 7 shows the relative standard deviation. Although the relative
standard deviation of the post-midnight sector is high compared to other regions, the right
column clarifies the spread in the data. The scatter plots in the right column show the
differential number fluxes for both satellites for energy channel 2.2 eV of the L = 2.0

bin for MLLT=3,9,15,and 21. The dayside and pre-midnight MLTs have considerably less
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variation than MLT=3, but these MLT values also have consistently higher flux values
than the MLT=3 measurements. The geometric factor for HOPE is 107 cm? sr at 1 eV
[Funsten et al., 2013] so the 10° flux measurements for HOPE are close to the 1 count
level. From Figure 7 we can conclude that there is more variation in the post-midnight
sector, but the measured fluxes themselves fall within a certain range which is consistently
below the dayside and pre-midnight MLT's.

To confirm the statistical results shown in Figures 3 - 7, we also looked at case studies
of individual events. Figure 8 shows the HOPE fluxes from 1-7000 eV for a 6 hour period
on April 30, 2013. HOPE passes through the post-midnight sector at low L-Shell and
sees a drop in flux values for Ht. A dip in flux is seen at all energies up to 10 keV, and
the lowered flux measurements are consistent across the satellite transitioning from the
inbound to outbound path. The bottom panel of Figure 8 shows the spacecraft potential
from EFW ranged from 0 V to 0.75 V in the post-midnight, L. < 3 sector. There is
clear sensitivity to spacecraft potential fluctuations in the lower energy channels, but
the flux dip in the post-midnight, low L-Shell region is seen at energies above sensitivity
to spacecraft charging (e.g., 1 keV). The behavior of the ions shown in the case study
suggests that the density drop is indicative of a dramatic plasma temperature change.
This behavior correlates well with ionospheric electron and ion temperatures across the
nightside [Pavlov and Pavlova, 2005).

Todetermine whether the post-midnight depletion in the 1-10 eV energy range is a
density loss or a cooling effect, we compared the median flux measurements as a function
of energy at L=2.0 at MLLT=3,9,15,and 21. Figure 9 shows these results, where the en-

ergy values have been shifted by 0.75 eV to account for the average impact of positive
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spacecraft charging (0.75 eV) on HOPE measurements. The slopes of the lines in Fig-
ure 9 indicate the change in the distribution with energy and follow an approximately
Maxwellian distribution. We find that the distributions from all MLTs have about the
same slope, but the MLT=3 median measurements show lower flux. However, based on
this limited range (1-10 eV) of the distribution, we unable to definitely state whether this

is purely a temperature change or a density loss.

4. Discussion

Through statistical analysis and a case study example, we have demonstrated that there
is a depletion across H", He™, and O% in the post-midnight sector as seen by the HOPE
instrument in the upper end of the thermal distribution of the plasmasphere. Further, the
compositional dependence of the nightside loss is that HT is depleted the most, followed
by OF, and then He'; thus the depletion is not ordered by particle mass. A physical
explanation of this unusual result is given below, along with an analysis of spacecraft
charging, which is an issue of critical importance to the veracity of the findings for the

quiet time 1-10 eV population.

4.1. Diurnal Variation Analysis

This variation with species can be explained by observing that plasmaspheric ions at
these energies come from the dayside ionosphere [Chappell et al., 1987]. The Het density
profile is similar to the ion temperature profile of the ionosphere [Roble, 1975]. The double
peak feature of Het at pre-noon and dusk is similarly seen in the work of Galvan et al.

[2008]. They concluded this feature is due to a local minimum in the topside ionospheric
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ion density at noon, and thus, with an ionospheric source for 1-10 eV plasma, then the
density decrease in plasmaspheric He™ is consistent.

The MLT dependent behavior of the high energy plasmasphere tail comes from the
production of H*, Ot and He™ in the top side ionosphere. H* and O have accidental

charge resonance,

Ot+H=H"+0 (2)

This linked reaction is responsible for the tandem behavior of H" and O™ in the high

energy portion of the plasmasphere. In particular, Sg+, the source of H', is given by,

8kT,

my

n(0")n(H) (3)

SH+ = My0oe

where 0., the electron collisional cross section, is approximately 2 x 107! cm?. So as the
neutral temperature, T,,, increases due to heating from photoionization when in the post
dawn sector, the HT population grows. He™ is also produced in the ionosphere from solar
radiation with A < 50.4 nm. The dominant loss mechanism for He™ is charge transfer
with the neutrals O, and Ny, which are extremely rarefied in the topside ionosphere.
Since the source of HY is sensitive to thermospheric temperature, which is demonstrated
in (3), and since O is tied to H" via (4), these populations will naturally decline after
the terminator due to the cooling of the atmosphere. He™ production is sensitive to solar
exposure but has a longer loss/gain timescale than that of O and H' and consequently

shows a less dramatic density depletion.
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The diurnal variation of H' is seen in the topside ionosphere from previous studies [Ho
et al., 1971; Richards et al., 1985]. The topside ionosphere temperature minimum occurs
between 0-4 local time and peaks in the afternoon. This variation supports our claim that

near-Earth 1-10 eV plasmasphere ions exhibit similar behavior to topside ionosphere ions.

4.2. Spacecraft Charging

Surface spacecraft charging in a lower density and higher energy plasma affects mea-
surements by shifting the energy distribution function of a plasma by the potential energy,
ep. So, if HOPE makes a measurement at 2 eV, but there is 1.5 V of spacecraft charging,
then these measured 2 eV ions would actually have been 0.5 eV ions (2 eV -1.5 eV )
because they are accelerated toward the negatively charged satellite. Likewise, if there
is a positive potential, the ion population observed by HOPE would appear to be lower
energy than the actual distribution [Garrett, 1981].

The post-midnight sector is notorious for spacecraft charging effects, particularly for
satellites in geosynchronous orbit. Mizera and Boyd [1982] explore this topic from an
engineering perspective, using the USAF P78-2 satellite to calibrate spacecraft charging
based on materials used, Kp, and MLT as a function of percentage of satellite affected.
They found that at geosynchronous orbit, spacecraft charging, particularly in the post-
midnight sector, is high during times of high and low Kp. For within geosynchronous
orbit, a small percentage of the total time (< 3%), there is spacecraft charging in the
post-midnight sector; however, an equivalent amount of charging is seen post dawn, in
which our results are unaffected.

To calibrate how much spacecraft charging occurs in the post-midnight sector relative

to other MLTs and determine if our results might be biased by spacecraft charging, we
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used the Van Allen Probes Electric and Magnetic Field Instrument Suite and Integrated
Science (EMFISIS) instrument [Kletzing et al., 2014], and the Electric Fields and Waves
(EFW) instrument [Wygant et al., 2014]. Using EFW spacecraft potential for the entirety
of the Van Allen Probes Mission (November 2012 to April 2014), we binned spacecraft
potential by 0.25 L-Shell and 0.5 MLT and then took the median of each bin, which is
shown in Figure 10. We did not sort spacecraft potential by Kp index because very few
storms occurred in this time period.

In Figure 10A, we can see that the spacecraft potential is less positive in Earth’s shadow
(e.g., at L=2, the median potential is 0.65 V at 18 MLT, but only 0.15 V at 0 MLT).
The lower potential indicates that ions near midnight are decelerated by a smaller amount
as they approach the detector. Our statistical study of spacecraft potential shows little
difference in spacecraft potential between the post-midnight sector and the dusk sector,
yet we see a dramatic difference in the partial plasma density maps of Figure 3.

We supplement Figure 10A with a variation analysis shown in B. The relative standard
deviation is the standard deviation of spacecraft potential measurements within a bin
divided by the mean spacecraft potential of that bin. The relative standard deviation
is approximately constant across low L-Shell MLTs, but at high L-Shells (> 3), there
is more variation in the post-midnight sector. This is expected because of the eastward
gradient curvature drift of high-energy electrons, which would increase spacecraft charg-
ing. However, this effect does not penetrate to lower L-Shells because the electrons drift
eastward before they can reach that close to Earth, especially for the Kp < 3 quiet time

data selection filter applied for this study.
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Furthermore, Figure 11 directly compares the median spacecraft potentials at MLT=3
and MLT=18 with the median densities at these same local times. From L=1.75 to L=2.5,
the spacecraft potentials in these two regions are nearly identical, while the densities differ
by an order of magnitude with a density of 10 cm™3 at MLT=18 and 1 cm™3 at MLT=3.
Beyond L=2.5, the spacecraft potentials at the two local times diverge with a higher
potential observed at MLT=18. However, the density at MLT=3 remains lower than the
density at MLT=18 out to at least L=4. This figure directly shows that the ion loss in
the post-midnight sector is not related to higher spacecraft potentials in this region.

We also examine the HOPE electron measurements at L=2, shown in Figure 2B, for
any observable difference in the post-midnight sector compared to other MLTs. We do
see a slight increase in median electron flux measurements in the post-midnight sector;
however, there is also a comparable sized electron flux augmentation at 15:00 MLT, ruling
out this electron intensity increase as responsible for the ion depletion. Also, the HOPE
low-energy electron densities are highest at post-dawn, supporting our interpretation that
electrons, produced from photoionization in the ionosphere and then scattered at high
altitudes on these field lines, mirror and deposit their energy and warm the plasmasphere.

Due to the maximum frequency on EMFISIS of 400 kHz, the EMFISIS electron number
density measurements saturate at L < 3, making it impossible to distinguish differences
between MLT electron number densities at low L-Shells. This prevents us from determin-
ing if the electron number densities also exhibit a similar drop as the ion plasma densities

across the post-midnight sector using Van Allen Probes data.
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4.3. Why This Depletion Has Not Been Previously Observed

In examining the 1-10 eV population in Van Allen Probes data, we questioned why this
effect was not observed by previous missions. The uniqueness of the Van Allen Probes
mission allowed for clear observation of this post-midnight density loss. In the following
section we specifically address why this loss was not observed in other missions and a brief
description of those missions.

IMAGE EUYV visualized the plasmasphere by counting solar EUV photons resonantly
scattered with He™ [Sandel et al., 2000, 2001], producing vivid pictures of the plasmas-
phere and highlighting the plasmaspheric plume [Spasojevié et al., 2004]. These results
are somewhat limited, as IMAGE EUV gives an integrated total density over a line of
sight and utilizes an inversion procedure to provide local density values [Gurgiolo et al.,
2005]. The IMAGE radio plasma imager (RPI) allowed for electron density measurements
along plasmaspheric field lines and distributions from the polar cap ionosphere |Reinisch
et al., 2000, 2001]. However, IMAGE EUV only measured total He™ densities, which
overshadows the plasma loss in the 1-10 eV range.

The Cluster mission offered the advantage of a polar orbit that ultimately transformed
into an equatorial orbit [Escoubet et al., 1999, 2013] and the Cluster Ion Spectroscopy
(CIS) instrument that measured composition [Reme et al., 2001]. However, the Cluster
CIS-CODIF measured > 40 eV ions, which is above our study’s energy range. Also, the
Cluster perigee is at approximately L=4, and our study focuses on the region between
L=2 and L=3. The Waves of High frequency and Sounder for Probing of Electron den-

sity by Relaxation (WHISPER) experiment on board Cluster provided electron density
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measurements and total plasma density measurements within 0.2-80 cm™3 [Décréau et al.,
1997], which is useful for understanding plasma distribution outside of an L-Shell of 4.

The Combined Release and Radiation Effects Satellite (CRRES) also provided ample
information about the behavior of the plasmasphere. From upper hybrid resonance fre-
quency measurements, CRRES captured the behavior of plasmaspheric electron density
exceptionally well, documenting the plasmasphere trough with precision [Sheeley et al.,
2001;» Moldwin et al., 2002]. The mission goals of CRRES were to better understand
the radiation environment near Earth and perform several chemical release experiments;
however, this satellite was not able to measure low energy plasma due to instrumenta-
tion difficulties [Johnson and Kierein, 1992] and CRRES did not directly measure ion
composition.

The Retarding Ion Mass Spectrometer (RIMS) onboard Dynamics Explorer 1 (DE-1)
[Chappell et al., 1981] measured ion composition from 0-50 eV for H*, He™, and O*. With
a polar orbit and an apogee at 4 Earth radii, DE-1 provided a wealth of information of near
Earth plasma, low energy ion composition, such as the presence of the warm plasma cloak
[Chappell et al., 2008] and provided the basis for initial plasmasphere models [Gallagher
et al., 1988]. This effect was not reported in results of the RIMS data set, but RIMS data
could be used to confirm the results seen here. The High Altitude Plasma Instrument
(HAPI) onboard DE-1 provided measurements on the velocity space distribution of ion
and electrons from 5 eV to 32 keV near Earth [Burch et al., 1981; Winningham et al.,
1981].

However, HAPI did not distinguish composition and focused on plasma injections into

the polar region [Burch et al., 1982; Newell et al., 1991]. DE-2 observations built on our
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understanding of topside ionospheric electron temperatures [Kozyra et al., 1986]. However,
the DE-2 satellite was an ionospheric polar orbiter and did not fly at high enough altitudes
to-see the low energy ion population at L > 2.

A combination unique to all of these missions, Van Allen Probes offers high dwell time
in the inner magnetosphere, a near equatorial orbit, and the ability to distinguish the 1-10

eV ion population cleanly.

5. Conclusions

Using the HOPE instrument data to look at plasma density for HT, He™, and O from
1 - 10 eV during quiet time periods, we see strong MLT dependence in the high energy tail
of the plasmasphere. Our study has two main findings: there is diurnal variation across
all three ion species in the 1-10 eV range and there is a compositional difference in the
amount of loss observed across the post-midnight sector.

We observed that HT, Het, and O decrease rapidly, similar to ionospheric temperatures
across the nightside. We propose that all three species experience rapid density gains at
the dawn terminator because the dayside plasmasphere heats quickly from the magnetic
mirroring and energy loss of electrons scattered from photoionization from neutrals. This
thermalization of the plasmasphere energizes the ions over the course of a couple of hours,
which is what we observe across the dawn terminator in Figure 3.

We see that He™ loss is the smallest, as supported by Figure 5. Ht and O™ densities
follow each other closely because of the charge resonance that exists between these two
species. So when H™ is lost faster than Het and OT because of its low mass, the net effect
is a rapid combined loss of Ht and O™ because of their tandem behavior. The enhanced
high energy densities from photoionization in these ions remains throughout the day, and
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then declines slowly after the dusk terminator. The populations almost vanish in the
post-midnight sector, with density values dropping a factor of 28 to 150 (Figure 5).

He™ in the high energy plasmasphere tail exhibits different MLT dependence than H*
and O". The source of ionospheric Het is photoionization, which peaks in the morning
sector and then again at dusk. The increase of dayside He™ is thought to be from the day-
side warm ionosphere exerting a pressure on He' ions, pushing them into plasmaspheric
flux tubes. The decline in He™ on the nightside, particularly in the post-midnight sector,
is still significant at a factor of 28 but is not as sharp as H" and O". He™, although
lighter than O™, has a slower loss rate because of the O" charge resonance with H™.

This study shows the MLT dependence of high energy plasmasphere ions seen in the
HOPE instrument on the Van Allen Probes during quiet time intervals. Unanswered
questions on the ions in this regime still remain, such as what causes the local minimum
of He™ in the ionosphere and in the high energy ion tail of the plasmasphere. Also, we
have not investigated how periods of high convection or how binning by other indices, such
as Dst, may shed additional light on physics behind the 1-10 eV partial plasma density

depletion in the post-midnight sector.

Appendix A: Comparison of HOPE Data to Modeled Plasmasphere Data
Singe most plasmasphere particles have low energy (< 1 eV) and the HOPE solid angle
has viewing gaps, the HOPE energy range covers only a fraction of the total plasmaspheric
distribution. To place the HOPE measurements in the context of previous observations,
we wish to confirm that the 1-10 eV quiet time HOPE partial densities are consistent with
the total plasma density measured by previous missions by calculating what fraction of
the total plasma density distribution the HOPE energy range expects to measure. To do
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this, we assume that the energy distribution of the plasmasphere can be represented as a

Maxwellian,

me\ 3/2 1 2F,
Fn=no(-) dme /M "0 Al
1o (k:T) e V2mgE, mg (A1)

where F,, is the differential number flux, m is the mass of the ion species, k is Boltzmann’s
constant, ny is the total number density, T is the plasma temperature, and E, is the
plasma energy. We find the partial density of this energy range by integrating over the

Maxwell-Boltzmann distribution of ion energies from 1-10 eV,

n— / F,..dE, (A2)

For simplicity, we perform this calculation at L=2, where the total plasmaspheric H
density is approximately 1800 cm ™2 [Chappell, 1972; Gallagher et al., 1988]. Also in (A1),
T is the median temperature of the plasmasphere taken from Comfort et al. [1985]. In
Figure A1, we show the differential number flux for different plasmaspheric temperatures
[Comfort et al., 1985]. The high energy tail of the plasmasphere is the area under the
curve past the dotted black line, comprising approximately 5% of the total density. Our
integrating variable, E,, is the bounding energies of the fraction of the Maxwellian that
we want to calculate the density, n, in this case 1 - 10 eV. To confirm this ny value we
also_checked the empirical relationship for electron number densities given in Carpenter
and ‘Anderson [1992] based on L-Shell value and then using Gallagher et al. [2000] to
estimate H' density as most of the plasmasphere mass at L=2. The value given through

this method for n, at L=2 was 1866 cm~3, which will be approximately equal to ng+.
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Figure 1. Number of measurements for the 2.2 eV energy channel on HOPE during quiet time
for A)yH*, (B) Het , and (C) O for each MLT and L-Shell bin over the 22 month period covered
by our study for satellites A and B combined. The view in these equatorial plane plots is from
over the North Pole with the Sun to the left and L values labeling the appropriate concentric

L-Shell ring.
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Figure 2. Quiet time HOPE H* (A) and electron (B) differential number flux at L=2.5 and

Kp < 3 as a function of energy and MLT.
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Figure 3. Median partial plasma density from 1-4 eV measured by HOPE during quiet times
over a-22 month period for (A) H*, (B) He" , and (C) O". The density maps on the right are on

a logarithmic scale, while the maps on the left are on a relative linear scale dependent on species.
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Figure 5. ' Plasma densities at L=2.0 for H" (blue), He™ (green), and O" (red). H" and O"

drop by 150 and 122 factors respectively, whereas He™ drops by a factor of 28 across the same

MLTs.
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Figure 6. 2.2 eV flux maps for (A) H", (B) He't, and (C) O". The 33% is the 33rd percentile
of the flux measurements made in each MLT /L-Shell bin, the median column is the median flux

measurement for each species, and 66% is the 66th percentile of flux measurements.
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Figure 7. The left column gives the relative standard deviation (standard deviation / mean)
in the 2.2 eV flux bins for (A) HT, (B) He™, and (C) O". The right column shows all the HOPE
measurements for L=2.0 of MLT=3,9,15,and 21 for each species. Both columns include both
satellite A and B data. The flux measurements are ordered in time, so the label Index (Approx

Time) refers the relative position of each non-zero measurement in this time ordered array.
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Figure 8. HOPE HT flux values for a six hour period on April 30, 2013 from 1-7000 eV. The
bottom panels show the spacecraft potential in V from the EFW instrument. The gray shaded

area highlights the post-midnight sector (0 < MLT < 6).
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Figure 9. Median differential number flux measurement as a function of energy at L=2.0 for

MLT=3,9,15,21.
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Figure 10. (A) is the median spacecraft potential in each 0.25 L-Shell and 0.5 MLT bin

from the EFW instrument from November of 2012 to April of 2014. (B) is the relative variation

(standard deviation / mean) of the spacecraft potential data shown in A.
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Figure 11. Median spacecraft potential (¢s¢) from L-Shell 1.75 to 4.0 at MLT = 3 and MLT

= 18 compared with median partial plasma densities from the same bins.
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Figure A1l. Differential number flux for a Maxwellian H distribution as a function of energy at

different plasmaspheric temperatures. The dotted black line indicates 1 eV, the minimum HOPE

measurement energy. We assume a total number density of 1800 cm™ as given by Chappell

[1972]:
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